Cyclic stretching and growth factors like TGF-b have been used to enhance extracellular matrix (ECM) production by cells in engineered tissue to achieve requisite mechanical properties. In this study, the effects of TGF-b1 were evaluated during long-term cyclic stretching of fibrin-based tubular constructs seeded with neonatal human dermal fibroblasts. Samples were evaluated at 2, 5, and 7 weeks for tensile mechanical properties and ECM deposition. At 2 weeks, +TGF-b1 samples had 101% higher collagen concentration but no difference in ultimate tensile strength (UTS) or modulus compared to -TGF-b1 samples. However, at weeks 5 and 7, -TGF-b1 samples had higher UTS/modulus and collagen concentration, but lower elastin concentration compared to + TGF-b1 samples. The collagen was better organized in -TGF-b1 samples based on picrosirius red staining. Western blot analysis at weeks 5 and 7 showed increased phosphorylation of ERK in -TGF-b1 samples, which correlated with higher collagen deposition. The TGF-b1 effects were further evaluated by western blot for aSMA and SMAD2/3 expression, which were 16-fold and 10-fold higher in +TGF-b1 samples, respectively. The role of TGF-b1 activated p38 in inhibiting phosphorylation of ERK was evaluated by treating samples with SB203580, an inhibitor of p38 activation. SB203580-treated cells showed increased phosphorylation of ERK after 1 hour of stretching and increased collagen production after 1 week of stretching, demonstrating an inhibitory role of activated p38 via TGF-b1 signaling during cyclic stretching. One advantage of TGF-b1 treatment was the 4-fold higher elastin deposition in samples at 7 weeks. Further cyclic stretching experiments were thus conducted with constructs cultured for 5 weeks without TGF-b1 to obtain improved tensile properties followed by TGF-b1 supplementation for 2 weeks to obtain increased elastin content, which correlated with a reduction in loss of pre-stress during preconditioning for tensile testing, indicating functional elastin. This study shows that a sequential stimulus approach -cyclic stretching with delayed TGF-b1 supplementation -can be used to engineer tissue with desirable tensile and elastic properties.
Introduction
Cardiovascular disease is the leading cause of death in Western countries with over 450,000 coronary bypass and 95,000 valvular replacement surgeries performed annually in the United States alone (Thom et al., 2006) . Tissue-engineered vascular and valvular grafts have been proposed as a promising solution for replacement surgery (Isenberg et al., 2006; Yacoub and Nerem, 2007) . Under physiological cyclic loading, both tensile and elastic properties are important for in vivo success of engineered tissue constructs. Mechanical conditioning (primarily stretching) has been studied both for vascular and valvular grafts as a means to improve tensile properties of engineered tissue prior to implantation (Bilodeau and Mantovani, 2006) . Growth factors like TGF-b1 have also been shown to improve deposition of collagen (Clark et al., 1995; Neidert et al., 2002; Grouf et al., 2007) and elastin (Kucich et al., 2002; Long and Tranquillo, 2003; Ross and Tranquillo, 2003) , which are major ECM components that provide tensile and elastic properties, respectively.
To date, most studies on the effects of TGF-b1, whether with native or engineered 3D tissue (Tuan et al., 1996; Grouf et al., 2007; Merryman et al., 2007) or cells in 2D culture (Lindahl et al., 2002; Bastiaansen-Jenniskens et al., 2008) , have been limited to short duration (several days up to 3 weeks). These studies are meaningful to understand the short-term response of cells to growth factors. However, engineering a completely biological tissue in vitro currently requires long-term culture (often greater than 5 weeks) with additional mechanical stimulation, such as cyclic stretching, to develop the desired tissue mechanical, and organizational properties. To date, no studies have investigated the translation of the short-term effects of TGF-b1 into long-term tissue development, with or without cyclic stretching. TGF-b1 treatment of fibroblasts generally leads to transformation of the cells into a-smooth muscle actin (aSMA)-expressing myofibroblasts, with increased collagen production. In both native and engineered tissue, higher aSMA expression and collagen synthesis have been reported after 2-3 weeks (Grouf et al., 2007; Merryman et al., 2007) . For a tissue-engineered construct, the organization of the deposited collagen is equally important in order to attain the desired tensile properties. Several groups have studied the effects of transformation of fibroblasts to myofibroblasts on collagen cross-linking and organization (Poobalarahi et al., 2006; Bastiaansen-Jenniskens et al., 2008) .
In our previous study, we showed that incremental strain amplitude cyclic stretching (ICS) of fibrin-based engineered tissue fabricated with neonatal human dermal fibroblasts (nHDF) led to significantly higher ultimate tensile strength (UTS) and modulus compared to traditional constant strain amplitude cyclic stretching to which cells apparently adapt (Syedain et al., 2008) . We also demonstrated that higher collagen deposition in the ICS samples correlated with increased phosphorylation of ERK. Regulation of other signaling proteins like SMAD-2 (Massague, 2000; Massague et al., 2005) , Akt (Kuang et al., 2007; Bujor et al., 2008) and p38 (Sato et al., 2002; Kuang et al., 2007) have also been shown to be important for collagen and elastin expression by fibroblasts.
Understanding the effects of mechanical or chemical conditioning is important for advancements in tissue engineering. This study was conducted to understand the long-term effects of TGF-b1 during cyclic stretching of tubular constructs prepared from nHDF in fibrin gel and the roles of ERK, p38, and SMAD-2. We examined the effects of TGF-b1 on collagen and elastin deposition and cell proliferation after 2 weeks of static culture. The constructs were then mounted in a cyclic distension bioreactor and conditioned for 3 or 5 weeks. Studies were conducted both in the presence and absence of TGF-b1 for the entire duration. In addition, subsequent studies were conducted to optimize the duration of stretching and TGF-b1 supplementation to fabricate a tissue with increased elastin content as well as physiological UTS and modulus.
Materials and methods

Cell culture
Neonatal human dermal fibroblasts (nHDFs, Clonetics, Walkersville, MD) were maintained in DMEM/F12 culture medium (Invitrogen, Carlsbad, CA) supplemented with 10% FBS (HyClone, Logan, UT), 100 U/ml penicillin (Invitrogen), 100 mg/ml streptomycin (Invitrogen), and 2.5 mg/ml amphotericin-b (Invitrogen). Cells were passaged at 100% confluency and harvested for use from passage 7-9.
Tubular construct preparation and culture
The details of sample preparation and culture have been previously described (Syedain et al., 2008) . The final concentrations of the nHDF suspension were 6.6 mg/ml fibrinogen, 0.4 U/ml thrombin, 3.6 mM Ca 2 + , and 500,000 cells/ml.
Constructs were cast with initial length of 12.5 mm, thickness 3.4 mm, and internal diameter of 8 mm. Constructs were cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mg/ml insulin, 50 mg/ ml ascorbic acid, 2.5 mg/ml e-amphotericine-b, and 7 1 ng/ml activated TGF-b1
(R&D Systems, Minneapolis MN, hereafter referred to as + TGF-b and À TGF-b). As before (Syedain et al., 2008) , constructs were cultured for two weeks on the mandrel, after which they were transferred to a bioreactor for cyclic stretching.
Cyclic distension (CD) bioreactor
Constructs were transferred onto a distensible mandrel in a custom-built bioreactor described previously in detail (Isenberg and Tranquillo, 2003) . All constructs (stretched and static controls) were identically mounted on the latex tubes in the bioreactor, and the medium changed was performed at the same time. Constructs were randomly assigned to be stretched or serve as static controls. For all studies, a frequency of 0.5 Hz with 12.5% duty cycle was used, corresponding to a 0.25 s stretch time in a 2 second cycle. Cyclic distension experiments were conducted with strain amplitude increased in 4 equal steps from 5% to 15% over 5 weeks. The medium in the CD bioreactor was changed 3 times per week with only 70% of the medium replaced.
In a separate treatment group (see Supplementary Figure 1 for illustration of the study design), denoted n TGF-b, after 3 weeks of cyclic stretching, the constructs were cultured for 2 more weeks in medium altered to include 1 ng/ ml TGF-b1 and exclude ascorbic acid, which has been reported to inhibit TGF-b1 induced elastogenesis (Davidson et al., 1997) .
After harvest, each construct was divided into four equal-length sections and then slit longitudinally to form four tissue strips, one for uniaxial tensile testing followed by biochemical analysis, and the others for western blotting, DNA quantification, and histology.
Uniaxial tensile testing
One tissue strip from each construct was tested for tensile properties in the circumferential direction as previously described (Syedain et al., 2008) . The thickness of each strip was measured by laying the tissue on a flat surface and contacting it with a vertical displacement transducer connected with a 1-mmwide flat-end tip attached to a load cell. The tissue thickness was defined when a contact force of 5 mN was registered. Following 6 cycles of 0-10% strain at 2 mm/min, strips were stretched to failure at the same rate. True strain was calculated based on the change in length of the tissue over time. The stress was calculated as force divided by the initial cross-sectional area. A modulus (E) was determined by linear regression of the linear region of the stress-strain curve just prior to failure, which defined the UTS.
Histology
Tissue strips were fixed in 4% paraformaldehyde, infiltrated with a solution of 30% sucrose and 5% DMSO, frozen in OCT (Tissue-Tek), and sectioned into 9 mm cross-sections. Sections were then stained with Lillie's trichrome, Verhoeff's stain, and picrosirius red stain. Images were taken using a color CCD camera from an Olympus IX70 microscope at 10 Â magnification. For picrosirius red staining, images were taken with the samples placed between crossed plane polarizers.
Elastin immunostaining was performed by blocking tissue section slides with 5% donkey serum, followed by elastin antibody (Elastin Inc) at 1:200 dilution and secondary cye2 antibody (Jackson Immuno, Inc) at 1:200 dilution. The images were taken on a fluorescent microscope using the rhodamine channel. For all staining, a sheep pulmonary valve leaflet was used as a positive control.
Collagen, elastin, and cell quantification
Collagen content was quantified with the hydroxyproline assay assuming 7.46 mg of collagen per 1 mg of hydroxyproline (Stegemann and Stalder, 1967) . The insoluble elastin content was quantified using a ninhydrin-based assay as previously described (Starcher and Galione, 1976) . Tissue strip volume was calculated using the measured length, width, and thickness of the strips (as described above in uniaxial testing) and used to calculate collagen concentration. DNA content was quantified with a modified Hoechst assay (Robinson et al., 2008) . Cell numbers were obtained from DNA contents assuming 7.6 pg of DNA per cell. Cell concentrations were calculated as the number of cells per unit volume using the dimensions of the strip.
Western blotting analysis
Tissue strips were flash frozen in liquid nitrogen at harvest. The proteins were extracted as previously described (Syedain et al., 2008) . For each sample, 40 mg of total protein was boiled in a reducing sample buffer and separated by SDS-PAGE. The proteins were transferred to nitrocellulose (Whatman) using a wet transfer buffer (10% methanol, 2.2 g/L CAPS, pH 11). The blot was incubated in blocking solution (5% dry milk, 0.1% Tween-20 in PBS) for 1 h and then incubated with primary antibody overnight at 4 1C (mouse monoclonal phospho-ERK antibody p-Thr202/p-Tyr204, Cell Signaling, 1:1000; rabbit monoclonal phosphor-SMAD2 antibody p-Ser465/467, Cell Signaling, 1:1000). The blot was then probed with HRP-conjugated secondary anti-IgG (Amersham) at a dilution of 1:10000 and developed using enhanced chemiluminescence. The blot was then stripped of antibodies using Restore Plus (Pierce) and re-probed (rabbit polyclonal ERK antibody, Cell Signaling, 1:1000; rabbit polyclonal SMAD2/3 antibody, Cell Signaling, 1:1000). The phosphorylated protein to total protein ratio was determined by densitometry of scanned auto-radiograms.
2.8. p38 inhibitor study using the FlexCell system nHDF were mixed with the fibrin-forming solution as described above, and 1.5 ml of the cell-populated gel was cast in each well of a FlexCell Tissue-Train plate (Flexcell Int., Hillsborough, NC). The gels were allowed to compact in response to the nHDF traction forces for 24 h, after which the medium was changed to either DMEM with 10% FBS alone (n¼ 8) or containing 1 ng/ml of TGF-b1 (n¼ 8) and/or 5 mM of the p38 inhibitor SB203580 (n¼8), and the samples were stretched using the FlexCell FX-4000 tension system at 5% stretch for 4 days followed by 10% at 0.5 Hz up to 7 days. Static controls of samples identically cast in the FlexCell plate were kept in the incubator for the same duration. Half of the samples for each treatment were harvested after 1 h of stretching for western blot analysis, while the remaining samples were incubated for 1 week with 3 medium changes. Each sample was split for collagen/cell quantification and protein extraction for western blotting, as described above.
Statistics
For all experiments, n¼ 6-8 for each treatment and time point. Statistical difference between groups was determined using one-way ANOVA with the Tukey post-hoc test in GraphPad Prism s software for Windows. Any reference to a difference implies statistical significance at the level po 0.05. In all cases where the error bars (plus or minus standard deviations) are non-overlapping, the differences are significant; hence, for clarity, no symbols are used. In cases where error bars are overlapping and the difference is statistically significant, paired symbols are used to indicate the difference.
Results
TGF-b1 supplemented samples possessed inferior mechanical properties
Constructs were evaluated after 2 weeks of static culture, when they were mounted in the bioreactor, and after 3 and 5 weeks of ICS (5 and 7 week of total culture time). Consistent with our previously reported study using the same tubular construct model (Syedain et al. 2008) , after 7 weeks of culture, +TGF-b and -TGF-b samples had the same thickness (355780 mm and 350720 mm, respectively). As shown in Fig. 1(a) (b) , at 2 weeks, there was no difference in tensile properties, even though +TGF-b samples had 101% higher collagen concentration (Fig. 1(c) ). By week 5, both UTS and modulus were significantly higher for -TGF-b samples, and by week 7, the UTS and modulus were 192% and 107% higher, respectively, for -TGF-b samples. In addition, the UTS (13827298 kPa) and modulus (25087595 kPa) were comparable to sheep pulmonary valve leaflet values, also measured in the circumferential (aligned collagen) direction (UTS¼14727445 kPa, modulus¼32217711 kPa). See Supplementary Figure 2 for a representative stress-strain curve and a polarized light image of a construct showing circumferential alignment of the ECM fibers.
3.2. Improvement in mechanical properties of samples cultured without TGF-b1 correlated with increased collagen deposition and organization Fig. 2 shows trichrome and picrosirius staining under polarized light of samples at 2, 5, and 7 weeks. At both weeks 5 and 7, the picrosirius red stain was brighter for -TGF-b samples (Fig. 2) . In trichrome staining, green color indicates collagen, which was visible in cross-sections of all samples at 5 and 7 weeks.
Although + TGF-b samples had 101% higher collagen concentration (2.8570.2 mg/ml) at 2 weeks, -TGF-b samples had a 49% and 74% higher collagen concentration (18.772.4 mg/ml and 32.676.8 mg/ml) at 5 and 7 weeks, respectively. In comparison, the valve leaflet value was 37.8 78.4 mg/ml, not different from -TGF-b samples at 7 weeks. Fig. 1(e) shows the cell concentration, which showed no difference between treatment groups at both weeks 5 and 7. Hence, at 7 weeks, there was a greater collagen deposited per cell (by 66%) in -TGF-b samples ( Fig. 1(f) ).
TGF-b1 treatment increased elastin deposition
As shown in Fig. 1(d) , after 5 and 7 weeks, elastin content was 45% (0.0770.01 mg/ml) and 366% (0.18 70.04 mg/ml) higher in +TGF-b samples, respectively.
3.4. TGF-b1 increased aSMA expression and phosphorylation of SMAD-2 Fig. 3a shows a western blot for aSMA expression in samples at week 5. All + TGF-b samples showed a 16-fold higher aSMA expression. Upon harvest, + TGF-b samples coiled, a behavior not seen in -TGF-b samples (Fig. 3(b) ). Western blotting revealed a 10-fold higher expression of pSMAD-2 in +TGF-b samples at week 5 (Fig. 4(a) ). The results show that the TGF-b1 dose administered to the samples had induced both phenotypic (aSMA-expressing cells) and signaling changes (increased pSMAD-2 expression).
TGF-b1 decreased phosphorylation of ERK
Samples from week 5 and 7 were further tested for phosphorylation of ERK. The pERK signal was 70% and 350% higher in the -TGF-b samples at week 5 and 7, respectively (Fig. 4(b) and (c) ). The inhibitory role of the TGF-b1 activated protein p38 on phosphorylation of ERK was evaluated by blocking activation of p38 using SB203580. When -TGF-b samples were stretched for 1 h, pERK/tERK increased 4.4 fold compared to -TGF-b static controls. In contrast, when the +TGF-b samples were stretched, there was a modest increase compared to the + TGF-b static controls (pERK/tERK¼1.2). However, when + TGF-b samples were treated with SB203580 and stretched for 1 h, there was an 8.5 fold increase compared to the + TGF-b/SB203580 static controls (Fig. 5(a) and (b) ). Further, collagen and cell concentrations were evaluated after 1 week of stretching and found to have a similar trend in collagen per cell as found for pERK, with more collagen produced by nHDF in -TGF-b and + TGF-b/SB203580 samples compared to + TGF-b samples ( Fig. 5(d) ). In trichrome stained section, collagen stains green and fibrin (and other proteins) stain red. In picrosirius red stained sections, brighter intensity of red indicates more mature collagen. All images were taken at same magnification with a 200 mm scale bar (black line) shown in the 2 week trichrome images. The lumen of the constructs is on the left side of all sections. Collagen content increased over time as seen with increased green color using trichrome. The collagen maturation was greater in -TGF-b samples as seen with brighter red color using picrosirius red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (c) 7 weeks. Band intensity was determined by densitometry and expressed as the ratio of phosphorylated protein band to total protein band and then normalized to the + TGF-b value. TGF-b is shown to increase fraction of SMAD that is phosphorylated but decrease the fraction of ERK that is phosphorylated. See Fig. 1 regarding paired symbols (n¼ 3) .
Sequential cyclic stretching and TGF-b1 supplementation led to both improved mechanical properties and increased elastin deposition
The aforementioned results demonstrated strong evidence that TGF-b1 supplementation is detrimental to long-term growth and remodeling of engineered tissue during cyclic stretching, leading to inferior tensile properties. However, experiments also showed that TGF-b1 is beneficial for elastin deposition, which is an important ECM component of native tissue. Hence, subsequent experiments were conducted to combine the superior tensile properties of the stretched samples, achieved by omitting TGF-b1 during cyclic stretching, with increased elastin deposition by adding TGF-b1 at a late time-point, specifically at week 5. The subset with this treatment is denoted as the n TGF-b group. Fig. 6(a) shows increased elastin deposition in the 7-week samples that were treated with TGF-b only for the last 2 weeks of culture. Compared to -TGF-b samples at 7 weeks, the n TGF-b samples had 4-fold higher elastin, which corresponds to an elastin concentration (0.1970.1 mg/ml) 10% of native tissue (1.870.4 mg/ml). Elastic fibers were observed in the n TGF-b samples using Verhoeff and stain elastin immunostaining (Fig. 7) . Tensile testing and biochemical analysis showed no decrease in tensile properties and collagen concentration by changing conditions from -TGF-b to +TGF-b for the last 2 weeks of culture (data not shown), consistent with trichrome and picrosirius red staining.
The functional role of deposited elastin was evaluated by analysis of preconditioning curves prior to stretching to failure. All samples were stretched to approximately 10% of their initial length (defined by a pre-load of 5 mN, with corresponding pre-stress that was the same for all samples because all constructs had the same thickness and length, yielding samples with the same cross-sectional area) at strain rate of 0.3%/s for 6 cycles. The drop in stress at zero strain from the pre-stress after 6 cycles was calculated and found lowest for native tissue, followed by n TGF-b with the ÀTGF-b samples exhibiting the largest drop from the pre-stress (Fig. 6(b) and Supplementary Figure 3) . This trend correlated with the elastin content of the three groups. Similarly, the drop in maximum stress (at 10% stretch) from cycle 1 to cycle 6 was evaluated and found to have the same trend, with the lowest drop for native tissue, followed by n TGF-b, and then À TGF-b (data not shown).
Discussion
Our findings showed that addition of TGF-b1 promoted collagen deposition during the first 2 weeks of static culture, consistent with ERK activation seen in nHDF monolayers treated with TGF-b1 (Pannu et al., 2007) . However, when using cyclic stretching for longer culture times, which is required to attain the desired tensile properties of engineered cardiovascular tissues, the omission of TGF-b1 was more favorable for better tensile properties, collagen deposition, and collagen maturation. After 7 weeks of culture with ICS, tensile mechanical properties and collagen content were comparable to that of native pulmonary valve leaflet tissue, relevant for a tissue-engineered heart valve (Robinson et al., 2008; Syedain and Tranquillo, 2009) . A strong correlation between UTS and burst pressure for a fibrin-remodeled engineered vascular graft has been shown by Yao et al. (2008) ; hence, the current UTS achieved with -TGF-b conditions should translate to burst pressure appropriate for physiological function, consistent with our recent findings (Syedain et al., 2010) . The higher collagen content and higher collagen content per cell measured at week 7 in -TGF-b samples (Fig. 1) correlated with a higher ERK activation (higher pERK/tERK) measured at weeks 5 and 7 when compared to + TGF-b samples (Fig. 4) , consistent with ERK activation preceding and overlapping with increased collagen deposition (Papakrivopoulou et al., 2004; Syedain et al., 2008) .
However, one major benefit of using TGF-b1 was the increased elastin production. Hence, subsequent experiments were conducted where tissue samples were incubated without TGF-b1 for 5 weeks followed by the addition of TGF-b1 to induce elastin production for the last 2 weeks of cyclic stretching. The sequential approach produced tissue with substantial elastin (10% of native tissue) conferring increased elasticity without compromise of tensile mechanical properties.
The most relevant study for comparison was conducted by Grouf et al. (2007) who also seeded nHDF in fibrin gel formed as hemispherical constructs adherent to underlying tissue culture plastic. They found that after 3 weeks of static culture with TGFb1 there was a 33% increase in collagen content compared to -TGF-b samples. The results by Grouf et al. at 3 weeks are similar to our findings ( Fig. 1(c) ), as + TGF-b samples had 101% higher collagen after 2 weeks. However, in our experiments using cyclic stretching to promote tissue growth, after 5 and 7 weeks, the -TGF-b samples developed better mechanical properties ( Fig. 1(a) and (b)), more deposited collagen (Fig. 1(c) ) and more mature collagen (Fig. 2) . Although Grouf et al. used a higher TGF-b1 concentration (5 ng/ml) than in our study reported here (1 ng/ml), studies reported by other labs have shown effects of exogenous TGF-b1 on phenotypically similar valve interstitial cells at an even lower concentration (0.5 ng/ml) in the presence of the same or higher FBS concentrations than the 10% value used in our study (Walker et al., 2004; Merryman et al., 2007) . Taking the nominal value of TGF-b1 in serum to be 5 ng/ml (the supplier (HyClone) reports a range of 3-13 ng/ml based on historical data), then the effective concentration of TGF-b1 in our sample culture medium was increased from 0.5 to 1.5 ng/ml by supplementation with 1 ng/ml TGF-b1, so a response to a 3-fold increase in TGF-b1 concentration would be expected. (Supplementation with 1 ng/ml TGF-b1 would increase the concentration above serum level for any serum value below 10 ng/ml.) Studies have also shown production of TGF-b by cells when mechanically stretched (Gutierrez and Perr, 1999; Yang et al., 2004) ; however, in this study, only in the presence of exogenous (pre-activated) TGF-b1 did significant elastin production occur, along with a 16-fold higher expression of pSMAD, indicating that any endogenously produced TGF-b (as well as the contribution from the FBS) had a negligible effect compared to the addition of the pre-activated TGF-b1. Our findings are thus consistent with previously published short-term studies and provide new insight into long-term culture using cyclic stretching.
An important difference between + TGF-b and -TGF-b samples was the intensity difference in picrosirius red staining. A brighter intensity in picrosirius red staining is reported to be correlated with higher collagen content, thicker and more aligned collagen fibers, or more cross-linked collagen (Junqueira et al., 1982; Dayan et al., 1989; Balguid et al., 2007) . Picrosirius stain showed brighter staining in -TGF-b samples at both weeks 5 and 7 (Fig. 2) . Others have shown that alginate gel seeded with nHDF and treated with TGF-b had lower cross-linking of collagen compared to -TGF-b samples (Bastiaansen-Jenniskens et al., 2008) . Balguid et al. (2007) have shown a strong correlation between the intensity of picrosirius red stain and cross-linking in collagen deposited by myofibroblasts in a hybrid fibrin gel-polymer scaffold, suggesting increased cross-linking in the -TGF-b samples.
To further explore the long-term culture effects of TGF-b1, we examined the phenotypic transformation of fibroblasts to myofibroblasts, which potentially influences cell-matrix interactions and thereby fibril bundling and maturation of deposited collagen, based on aSMA expression. We also examined the activation of the intracellular signaling proteins ERK and SMAD-2, which regulate complex but important pathways downstream of TGF-b1 involved in the production and organization of major ECM proteins like collagen and elastin, such as the MAPK and SMAD pathways (Massague, 2000; Massague et al., 2005) . + TGF-b samples had 16-fold higher expression of aSMA at 5 weeks. The higher aSMA expression and associated increased cell traction force may explain the construct coiling behavior upon removal from the mandrel, but further experiments are needed to distinguish this explanation from residual tension in the remodeled ECM. In addition to inhibiting stretching induced signaling through pERK, as supported by our findings, TGF-b1 may also modulate expression of collagen and other ECM genes and/or their extracellular assembly through altered cytoskeletal tension and associated motility, as reflected by altered aSMA levels (Chambers et al., 2003) .
Western blot analysis showed a large increase in phosphorylation of SMAD-2 in +TGF-b samples (Fig. 4(a) ). pERK, in contrast, was increased in -TGF-b samples (Fig. 4(b) and (c)). It has been shown that pERK is obligatory for increased collagen expression when subjecting cardiac fibroblast to cyclic stretching (Papakrivopoulou et al., 2004) . Though activation of SMAD-2 has not been shown to have a direct inhibition effect on ERK phosphorylation, there are other downstream proteins in the TGF-b1 activation pathway that can inhibit phosphorylation of ERK, such as p38 (Sato et al., 2002) . To evaluate the role of p38, similarly prepared samples were cyclically stretched in the FlexCell system while treated with the p38 activation inhibitor SB203580 and/or TGF-b1. Addition of the inhibitor in the presence of TGF-b1 led to increased phosphorylation of ERK during stretching after 1 hour and increased collagen production by cells after 1 week (Fig. 5) . The SB203580 results provide direct evidence of an inhibitory effect of TGF-b1 on ERK activation induced by cyclic stretching that can explain the results found with the tubular constructs. These are consistent with inhibitory effects of constitutively active p38 on ERK phosphorylation reported by Papakrivopoulou et al. (2004) . Further evidence of p38 activation can be deduced from higher elastin deposition in the +TGF-b samples. One study demonstrated that activation of p38 leads to stabilization of elastin mRNA (Kuang and Goldstein, 2005) .
Functional tissue-engineered constructs require mechanical stiffness, strength, and elasticity. This study showed that while TGF-b1 can lead to increased elastin production, it is detrimental to the development of engineered tissue when using long-term cyclic stretching. However, this study also demonstrated that use of TGF-b1 following extended cyclic stretching in its absence can yield both physiological UTS and modulus and substantial elastin content with evidence of increased tissue elasticity. A similar sequential approach to use of mechanical and chemical stimuli has been reported for tissue-engineered bone (Lima et al., 2007) and ligaments (Moreau et al., 2008) . This study demonstrates a rationalized approach to maximize the benefits of mechanical (cyclic stretching) and chemical (TGF-b1) by their sequential application to engineered connective tissue.
